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Abstract 
Wood maintains remarkable durability under optimum conditions. However, it erodes faster than other construction materials in 
the circumstances of average usage of civil structures. Therefore, built features made of wood, especially historical features and 
structures, require repairs and reinforcements more frequently than those made of other materials. Non-destructive testing is usually 
carried out in structures that are currently in use and is aimed at early detection of failures and taking appropriate remedial measures. 
It can be generally assumed that diagnostic testing of wood is a difficult process due to its structure. However, the ability to identify 
the current strength parameters of wooden structural components makes it possible to properly assess their suitability for further 
use and design appropriate reinforcement and reconstruction methods. However, it should be noted that non-destructive test results 
are influenced by many factors such as: the type of wood, its defects, moisture content, age and the direction of test in relation to 
annual growth rings as well as microbial agents. This paper addresses the evaluation of the mechanical properties of pine wood 
under testing perpendicular, vertical and diagonal to the annual growth rings. Furthermore, the paper presents problems related to 
direction of test content on the results of non-destructive testing (sclerometer, ultrasonic tests and cutting resistance measurements). 
Based on the survey, it was found that the orientation of the test direction with respect to the annual growth rings must be taken 
into account in the course of the analysis using non-destructive methods. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Although wood maintains remarkable durability under optimum conditions, it deteriorates faster than other 
construction materials in the circumstances of average usage of civil structures. Therefore, built features made of 
wood, in particular historical features and structures, require repairs and reinforcements more frequently than those 
made of other materials. In order to correctly perform them, it is necessary to identify their current technical condition 
and physical and mechanical properties. This can be done by applying non-destructive testing methods. The use of 
non-destructive techniques requires great skill and experience, though, and is associated with difficulties in 
interpretation of results. However, it should be noted that non-destructive test results are influenced by many factors, 
such as: type of wood, its defects, moisture content, age, anisotropy and microbial agents. Similarly to the properties 
of other construction materials, the mechanical properties of wood are affected by its structure at each of the three 
levels – macroscopic, microscopic and submicroscopic. Wood properties are largely dependent on the anatomical 
directions in the tree trunk, meaning the direction parallel to the fibres, the direction tangential to the fibres and the 
radial direction [1]. As the structure of early and late wood layers differ within one single growth ring, wood can only 
be considered uniform when there is a sufficient number of rings in the trunk cross-section [1]. This paper presents 
problems related to the impact of the testing direction relative to the annual growth rings on the results of sclerometer, 
ultrasonic and cutting resistance measurement tests. 
2. Non-destructive testing of wooden structures 
Non-destructive testing is usually carried out in structures currently in use and is aimed at early detection of failures 
and taking appropriate remedial measures. Non-destructive testing can be divided into two groups: fully non-
destructive testing and semi-destructive testing. The first group includes visual testing (macroscopic evaluation) and 
technical testing based on acoustic, electromagnetic, and radiological methods. The second group includes penetrant 
testing, including sclerometer tests, cutting resistance measurements and pull-off tests.  
Macroscopic evaluation is a method that is the simplest and most commonly used for determining the properties 
of wooden components. Macroscopic observations allow for preliminary assessment of the technical condition of 
structural components, their degree of wear and the influence of biological factors, microclimate and workmanship 
defects. Macroscopic evaluation makes it possible to determine whether components were attacked by fungi, moulds 
or insects. Another testing method group is the testing based on the phenomenon of propagation of elastic waves in a 
medium. The most common tests of this type are ultrasonic tests. These tests are widely used for determining physical, 
geometrical and mechanical properties of structural materials. Research papers present the possibility of using 
ultrasonic methods for the assessment of corrosion rate of wooden structures, the degree of their degradation and their 
bending tensile strength [2,3]. Sclerometer tests on wood consists in measuring the depth of penetration of a 50-mm 
steel pin driven into the wood with a constant energy (e.g. 2.3 Nm). The depth measurement makes it possible to 
determine the quality of the subsurface layers present in the component (mainly based on its resistance to pressure 
and thus its hardness). Manufacturers of sclerometer testing equipment provide correlation tables for specific types of 
wood, which allow to determine the modulus of elasticity and flexural strength along the fibres, depending on the 
depth of the steel pin penetration. The correlation curves do not take into account any additional factors that can affect 
the test results, such as the direction of the test in relation to the annual growth rings. The research on the usefulness 
of this device and devices with similar operating principle is presented among others in: [4, 5]. Another method of 
quasi non-destructive testing of the technical condition of wooden components is measurement by means of a 
resistograph. The device is equipped with a drill of 3 mm diameter – the holes resulting from the test do not affect the 
statics of the structure or the aesthetics of the surface. The measurement consists in recording the force of the drill 
cutting resistance in the tested wood, which makes it possible to draw conclusions about its density and mechanical 
properties [6, 7, 8, 9]. The advantages of using a resistograph include: a short testing time, an immediate result of the 
measurement, testing across the entire section of the component and ability to test components covered by obstacles. 
This method, however, requires experience in interpretation of results. It should therefore be used by people with 
experience in working with wood. Similarly, to other non-destructive testing methods, one should also take into 
account factors affecting the results of the measurements. 
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3. Results and Discussions 
To quantify the impact of the direction of the non-destructive testing with respect to the annual growth rings on 
their results, a pilot series of non-destructive tests was conducted for 20 pine wood samples with an average density 
of 440 kg/m3. The tests were performed for three directions: perpendicular, parallel and diagonal relative to the annual 
growth rings (fig. 1). The test pieces were 40x50x800 mm. In each of the pieces, 4 test areas were designated to 
eliminate the effect of any potential wood defects (knots, cracks and fibre bends). The designated areas were evaluated 
macroscopically and found to be statistically homogeneous material. 
 
Fig. 1. Examples of test piece cross-sections a) perpendicular and parallel to the annual growth rings b) diagonal to the annual growth rings. 
3.1. Ultrasonic testing  
The first phase of the testing cycle determined the velocity of the ultrasonic wave passing through the material. 
The test was performed using a PunditLab Proseq set manufactured by Proseq and equipped with 54 kHz transducers. 
Three wave passage velocity measurements were performed for each measurement point in a particular sample. Fig. 
2 shows the average wave passage velocity for the pieces tested in the perpendicular, parallel and diagonal directions 
relative to the annual growth rings. 
 
Fig. 2. The comparison of passage velocities for an ultrasonic wave travelling through samples in a perpendicular (1) parallel (2) and diagonal 
(3) directions relative to the annual growth rings. 
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The impact of the testing direction with respect to the annual growth rings of pine wood is significant. For the 
pieces tested perpendicularly to the fibres, an average wave passage velocity of 2,230 m/s was achieved, whereas for 
the tests parallel to the annual growth rings, the average wave passage velocity was 1,820 m/s, i.e. 19% less than for 
the test in the perpendicular direction. The lowest average wave passage velocity of 1,710 m/s was observed for the 
test performed in the diagonal directions relative to the annual growth rings, which is approximately 75% of the 
average wave passage speed for the tests performed in the perpendicular direction. 
3.2. Sclerometer testing 
The testing consisted in determining the depth of steel pin penetration in the sample material by means of a 
Woodtester sclerometer. Five measurements of the penetration depth were taken for each point. The direction of the 
perpendicular test was examined for two distinct cases: wood with annual growth rings being more than 1 mm thick 
(large annual rings) and with the annual growth rings being less than 1 mm thick (small annual rings). In contrast, 
the diagonal direction tests were divided into the tests that are closer to the parallel direction and those closer to the 
perpendicular direction. Figure 3 shows average pin penetration depth values for the pieces tested in the examined 
directions.  
 
Fig. 3. The comparison of the sclerometer testing results for pieces tested: 1 perpendicularly to the wide growth rings, 2 perpendicularly to the 
narrow growth rings, 3 in parallel, 4 diagonally closer to the parallel direction, 5 diagonally closer to the perpendicular direction 
The sclerometer pin penetration depth is heavily dependent on the testing direction relative to the annual growth 
rings. One can also observe varied uniformity within different testing directions. The most uniform results were 
obtained for the tests in the perpendicular direction to the narrow annual growth rings, where the average was 9.53 
mm with the standard deviation being 0.4, whereas the greatest result variability was obtained for the test in the 
perpendicular direction to the wide annual growth rings, where the average was 11.3 mm with the standard deviation 
being 0.94. The variability of the results reaches 20% for tests in the perpendicular direction within the narrow and 
wide annual growth rings. Similar results can be observed for the perpendicular direction to the narrow annual growth 
rings and for the diagonal direction closer to the perpendicular direction (2% difference) and for the tests in the parallel 
direction to the fibres and the perpendicular direction to the wide annual rings. 
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3.3. Tests measuring the cutting resistance 
The last part of NDT tests consisted in the performance of cutting resistance measurements. For each test piece, 
tests in the perpendicular, parallel and diagonal directions to the annual growth rings were performed. Similarly, to 
the sclerometer tests, the test in the parallel direction to the annual growth rings were considered separately for wide 
annual growth rings and narrow annual growth rings. The results are presented in the form of average resistances for 
each direction, as shown in figure 4. 
 
 
Fig. 4. The comparison of the results of the tests measuring the cutting resistance for pieces tested in the perpendicular direction (1) the parallel 
direction to the wide annual growth rings (2) the parallel direction to the narrow annual growth rings (3) and the diagonal direction (4) relative to 
the annual growth rings.  
The value of the average cutting resistances varies depending on the direction of the test relative to the annual 
growth rings. The largest cutting resistances were recorded for testing in the diagonal direction to the annual growth 
rings, 15% lower results were recorded for test in the parallel direction to the wide annual growth rings and these were 
the lowest results. The cutting resistance in the perpendicular direction is on average 12% lower than for the test in 
the diagonal direction, but has the highest uniformity of results. 
4. Conclusions 
Based on the conducted tests and their results, the following conclusions could be arrived at: 
x The tests presented in the paper indicate that the impact of the testing direction with respect to annual growth 
rings on the results of non-destructive and semi-destructive tests of wooden structures is noticeable and should 
not be overlooked during such tests. 
x The discrepancy in the results of all the tests performed in different directions relative to annual growth rings can 
be as high as 20%, which constitutes a significant variability. This dependence is the most unambiguous and clear 
for ultrasonic testing, which may result from the size of the measurement field, which in the case of these tests is 
far greater than for sclerometer and cutting resistance measurement tests, which can be considered spot tests. The 
size of the measurement field makes it possible to consider a large number of annual growth rings at one time, 
which makes it easier to ascertain statistical homogeneity of wood. 
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x The results of the sclerometer and cutting resistance measurement tests show a strong correlation not only with 
respect to the direction of the annual growth rings but also to their width. This is due to the microscopic structure 
of the wood, in which it is possible to identify early growth cells that comprise the lower density wood and the 
late growth cells that comprise the higher density wood. 
It should be noted that non-destructive testing of large-dimension wooden structural components (e.g. floor beams) 
will involve testing performed in the perpendicular direction to the annual growth rings and in the case of slender 
pieces (e.g. rafters) the testing direction with respect to the annual growth rings may be diagonal or closer to the 
parallel direction. 
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